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Introduction
Conjugate addition reactions of dialkylzinc reagents to Michael acceptors (e.g. enones) have reached a very high level of enantioselectivity with copper catalysts based on phosphoramidites, and more recently employing phosphites, phosphonates and phosphines as chiral ligands. 1±5 The selectivities which can be obtained for acyclic substrates with these catalysts is usually lower than for the cyclic ones, though very recently Hoveyda et al. showed that a copper-dipeptide phosphine catalyst gives high enantioselectivities for both types of enones. 6, 7 For acyclic substrates chalcone is often used as the model enone but nitroalkenes 1 are a more interesting class of substrates. Nitroalkenes are suitable Michael acceptors due to the strong electron-withdrawing nitro group. 8 They can be easily synthesized via the Henry condensation and many substituted nitrostyrenes are commercially available. 9 Enantioselective addition of dialkylzinc reagents to nitroalkenes leads to chiral nitroalkanes 2 and through functional group transformations, such as reduction and the Nef reaction, chiral amines and aldehydes can be obtained. 10 Nitroalkanes can also be used in a sequence involving the Henry reaction with aldehydes followed by reduction, leading to amino alcohols. 11 Enantioselective routes to chiral nitroalkanes have been developed using stoichiometric amounts of chiral auxiliaries or Ti-TADDOLates. 12, 13 Catalytic methods however, have the advantage of low amounts of chiral auxiliaries and a higher atom economy, 14 and using copper-phosphoramidite catalysts in the 1,4-addition of diethylzinc to nitroalkenes moderate to high enantioselectivities have been obtained by Sewald and Wendisch, 15 Feringa and Versleijen et al. 16 and Alexakis and Benhaim 17 (Scheme 1). Gennari and co-workers have shown that a parallel library of sulfonamide ligands is able to generate moderate enantioselectivities in the copper catalyzed conjugate addition of diethylzinc to nitroalkenes. 18 Hayashi et al. have recently shown that the rhodium catalyzed addition of arylboronic acids to cyclic nitroalkenes gives high enantioselectivities. The use of alkenylboronic acids leads to a lower selectivity however and only one example employing an acyclic nitroalkene has been reported. 19 Despite the progress in enantioselective 1,4-addition to nitroalkenes the methodology is still limited and cannot be considered of general use so far to prepare the valuable enantiomerically pure nitroalkane building blocks. Since there is no unique catalyst for all members of a substrate class, e.g. nitroalkenes, rapid ®ne tuning of catalyst for a particular substrate is necessary leading to tailor made catalysts. Several combinatorial methods have been developed for this purpose over the last decade, 20 most of them employing a set of parallel reactions followed by a high throughput screening technique in which all reactions are analyzed individually. 21 A one-pot procedure employing a mixture of catalysts for an enantioselective reaction is not feasible since the opposite selectivities and different reaction rates of the catalysts 23 With this method the enantioselectivity of a catalyst of multiple substrates can be screened without the need for (sophisticated) parallel equipment. The absence of competing catalytic pathways will allow an unambiguous interpretation of the results. The utility of this procedure can be even more enhanced when a single chiral GC or HPLC run can analyze the products. The two basic requirements of such a system are: (i) the product peaks in the chromatogram should not overlap, and the product peaks in their turn not with the peaks resulting from unconverted starting material, (ii) the different substrates and products should not interfere with each other during the reaction, for instance by autocatalysis. 24 A major advantage is that different catalysts can be evaluated with the same setup once such a multi-substrate procedure is established. In this manuscript we report the development of a one-pot multi-substrate procedure using up to nine different nitroalkenes followed by analysis in a single chiral GC run. Moderate to high ees for aromatic nitroalkanes using copper-phosphoramidite catalysts were obtained whereas with these catalysts high ees were found for aliphatic nitroalkanes.
Results and discussion
In the initial experiments single aromatic nitroalkenes 3a±i were reacted with diethylzinc in toluene at 2458C under the in¯uence of 2 mol% of a racemic copper phosphoramidite catalyst to give complete conversion to racemic nitroalkanes 4a±i in 3 h ( Table 1 ). The enantiomer separation of the nine products with chiral GC showed that the retention times of the enantiomers of the nine nitroalkanes are suf®ciently different to allow separation in a single GC run. Since these reactions are not known to show autocatalytic effects, 17 the above mentioned conditions for a one-pot multi-substrate procedure are met. A one-pot multisubstrate experiment with the nine nitroalkenes 3a±i and racemic phosphoramidite A under the same conditions as the individual experiments revealed that that was indeed the case. Since not all catalysts might give complete conversion the retention times of the starting materials were also determined and to our delight the peaks did not overlap and only in one case overlap with a product peak was found (3f entry 6 and 4i entry 9). The starting materials are however easily removed after the reaction by a quick ®ltration of the concentrated reaction mixture with an apolar solvent through a short path of silica.
With this established one-pot multi-substrate procedure, eight phosphoramidites (A±H, Table 2 ) 25 were tested as chiral ligands in the copper catalyzed enantioselective conjugate addition of diethylzinc to nitroalkenes 3a±i. In a typical experiment, 2.25 mmol of a mixture of nine nitroalkenes (3a±i, 0.25 mmol each) was reacted with diethylzinc and 2 mol% of catalyst in toluene at 2458C. Lower temperatures led to a lower reaction rate whereas higher temperatures were detrimental to the ee. This also With all eight ligands complete conversion was obtained within three hours. After workup and ®ltration, the reaction mixture was analyzed by chiral GC (Fig. 2 ) and the ees obtained for the products 4a±i are shown in Table 3 . In order to prove that there was no in¯uence of the different reactions upon each other, excluding autocatalysis, different reaction rates or concentration effects, 22 the reactions were also performed separately with ligand E, which resulted in no difference in ee or conversion in comparison to the combinatorial reaction. In the ®rst experiment, with enantiopure phosphoramidite ligand A, moderate ees were obtained, ranging from 33% for 4c to 57% for 4g. Ligand B, an excellent ligand for enantioselective hydrogenations, 26 does not lead to a high selectivity in the present reaction. A more bulky amine moiety in the ligand seemed to be important in order to obtain higher enantioselectivities and therefore ligands C±F, derived from bis(1-phenylethyl)amine, were tested. The amine part of the ligand is not only important for the level of enantioselectivity; its absolute con®guration also dictates the direction of the enantioselectivity. Ligands A, B, and E give the same major enantiomers in the products whereas for ligand D it is reversed. The octahydro-BINOL 27 based ligand C raised the ee only slightly to 35 % for 4c, but with ligands E and F moderate to high enantioselectivities were obtained. Like in the case of the conjugate addition to enones 28 the diastereomeric ligands D and E display a matched/mismatched combination where the latter is also the matched one for the conjugate addition reactions to nitroalkenes, e.g. 32 and 59% ee for 4c, respectively. The ees obtained for 4a±i are the highest reported so far with ligand E. 14, 15 Phosphoramidite F, which contains the atropisomeric bisphenol moiety, 29 reported by Alexakis, 30 gives even higher enantioselectivities for almost all products, leading to 77% for 4c. For 4b 71% ee is obtained, whereas only moderate ees have been reported until now for this substrate. 18 The in¯uence of a bidentate ligand was investigated by com-paring TADDOL phosphoramidites G and H, but no improvement was observed going from a mono-to bidentate ligand. 31 As can be concluded from Table 3 , there is no clear correlation between the electronic effect of a variety of substituents on the para position of the arene moiety of the substrate and the ee.
The position of the substituent on the aromatic ring was investigated using ortho-, meta-and para-tri¯uoromethylsubstituted nitrostyrene (3j, k and g) and the copper catalyst based on ligand E, resulting in 79, 53 and 52% ee for the corresponding nitroalkanes 4j, k and g, respectively ( Fig. 1 ). This result implies that steric factors might play a larger role than electronic ones in the enantiodetermining step.
Next to aromatic nitroalkenes also four aliphatic nitroalkenes were tested as substrates in the enantioselective conjugate addition (Table 4 ). Since ligands E and F showed the highest selectivities in the addition to aromatic nitroalkenes, these were selected for the reactions with 5a±d.
For products 6a±c high ees and complete conversions were reached with both ligands, but ligand E gave slightly better results. Nitroalkane 6a, obtained with 90% ee, is particularly interesting since it provides access to b-amino alcohols after deprotection and reduction. In our hands 6b is obtained with 82% ee using ligand E, despite a reported result of 94% ee. 17 ,² In the case of 6c a cis/trans mixture of products is obtained in good yield with a high ee of 90% for both diastereomers. The 83/17 ratio of the cis and trans isomers can be converted to a 11/89 ratio in favor of the thermodynamically more stable trans form, by treatment with 1 equiv. of DBU at room temperature without loss of enantiomeric excess. 32 Table 3 . Ees (%) of aromatic nitroalkanes in the one-pot multi-substrate procedure 4a  42  5  4  46  56  57  16  60  4b  48  13  1  49  66  71  52  43  4c  33  13  35  32  59 a  77  44  38  4d  44  15  35  34  55  62  52  35  4e  47  21  28  30  63  70  48  35  4f  45  19  23  26  61  64  38  41  4g  57  13  37  6  52  48  30  36  4h  42  34  27  38  69  75  56  27  4I  54  18  31  20  63  63  46  36 Absolute con®gurations were not determined a 48% according to Ref. 15 
Conclusions
In conclusion we have shown that phosphoramidites are excellent ligands for the enantioselective conjugate addition of diethylzinc to nitroalkenes. In a one-pot multi-substrate procedure moderate to high ees have been obtained for a mixture of nine different aromatic nitroalkanes. The bene®ts of such a procedure are a considerable reduction of time in the screening and optimization of catalysts. Other catalytic systems that lead to these products, such as the enantioselective conjugate reduction of nitroalkenes, 33 can also be evaluated in this way. In the reaction with aliphatic nitroalkenes good yields and high ees can be obtained by using bis(1-phenylethyl)amine derived phosphoramidite ligands, and applications of these reactions are currently under investigation.
Experimental

General
Toluene was distilled from sodium. All reactions were carried out under nitrogen atmosphere using dried glassware. 
General procedure A
Synthesis of racemic nitroalkanes 4a±i, 6a±d. In a Schlenk ask 7.2 mg (0.02 mmol) of CuOTf 2 was¯ame-dried, and together with 16.6 mg (0.04 mmol) of racemic phosphor-amidite A dissolved in 3 mL of dry toluene. After stirring 30 min at room temperature 1.0 mmol of nitroalkene was added to the clear solution. The reaction mixture was cooled to 2458C and 1.5 mL of Et 2 Zn (1.5 mmol, 1.0 M solution in hexanes) was added. The reaction mixture was stirred at 2458C for 3 h and then poured into 10 mL of saturated aqueous NH 4 Cl and diluted with 10 mL of ethyl acetate. The aqueous layer was extracted twice with 10 mL of ethyl acetate and the combined organic layers were dried over Na 2 SO 4 , concentrated and puri®ed with column chromatography. 
1-Methoxy-4-(1-nitromethyl-propyl)-benzene (4h).
According to general procedure A, 179 mg (1.0 mmol) of 3h gave 114 mg (0.5 mmol, 55% yield) of 4h after column chromatography (pentane/diethyl ether 9:1 R f 0.5) as a colorless oil. Spectral data were in accordance with literature. 
General procedure B
Synthesis of nitroalkenes 5a, b and d. According to a slightly modi®ed literature procedure, 34 potassium tertbutoxide (0.05 equiv.) was added to a stirred solution of aldehyde (1.0 equiv.), nitromethane (1.5 equiv.), THF (3.0 equiv.) and tert-butanol (2.8 equiv.) at 08C. The stirred mixture was allowed to warm to room temperature over 2 h and stirred overnight. The mixture was poured into water and extracted with three portions of diethyl ether. The combined organic layers were washed with brine, dried over MgSO 4 and concentrated to give the crude b-nitroalcohol, which was dehydrated without further puri®cation. Tri¯uoroacetic anhydride (1.05 equiv.) was added to a solution of b-nitroalcohol (1.0 equiv.) in CH 2 Cl 2 (18 equiv.) at 2108C. The resulting solution was stirred for exactly 2 min, and then triethylamine (2.0 equiv.) was added dropwise over 15 min and the reaction mixture was stirred for an additional 30 min at 2108C. The resulting mixture was poured into CH 2 Cl 2 and washed with two portions of saturated aqueous NH 4 Cl. The aqueous layers were extracted with two portions of CH 2 Cl 2 and the combined organic layers were washed with brine, dried over MgSO 4 and concentrated. The residue was puri®ed by column chromatography. 
General procedure C
One-pot multi-substrate reactions. In a Schlenk¯ask 16.2 mg (0.045 mmol) of CuOTf 2 was¯ame-dried and together with 0.09 mmol of phosphoramidite dissolved in 3 mL of dry toluene. After 30 min of stirring at room temperature 0.25 mmol of each nitroalkene (3a±i) was added to the clear solution. The reaction mixture was cooled to 2458C and 3.4 mL of Et 2 Zn (3.4 mmol, 1.0 M solution in hexanes) was added. The reaction mixture was stirred at 08C for 3 h and then poured into 10 mL of saturated aqueous NH 4 Cl and diluted with 10 mL of ethyl acetate. The aqueous layer was extracted twice with 10 mL of ethyl acetate and the combined organic layers were dried over Na 2 SO 4 , concentrated and ®ltered through a short path of silica with pentane/diethyl ether 9:1 to give the mixture of nine nitroalkanes (4a±i) as a clear colorless oil, which was analyzed by chiral GC (Fig. 2) .
